The human JC polyomavirus (JCPyV) causes the rapidly progressing demyelinating disease progressive multifocal leukoencephalopathy (PML). The disease occurs most often in individuals with AIDS but also occurs in individuals receiving immunomodulatory therapies for immune-related diseases such as multiple sclerosis. JCPyV infection of host cells requires the pentasaccharide lactoseries tetrasaccharide c (LSTc) and the serotonin receptor 5-hydroxytryptamine (5-HT) receptor 5-HT 2A R. While LSTc is involved in the initial attachment of virus to cells via interactions with VP1, the mechanism by which 5-HT 2A R contributes to infection is not clear. To further define the roles of serotonin receptors in infection, HEK293A cells, which are poorly permissive to JCPyV, were transfected with 14 different isoforms of serotonin receptor. Only 5-HT 2 receptors were found to support infection by JCPyV. None of the other 11 isoforms of serotonin receptor supported JCPyV infection. Expression of 5-HT 2 receptors did not increase binding of JCPyV to cells, but this was not unexpected, given that the cells uniformly expressed the major attachment receptor, LSTc. Infection of these cells remained sensitive to inhibition with soluble LSTc, confirming that LSTc recognition is required for JCPyV infection. Virus internalization into HEK293A cells was significantly and specifically enhanced when 5HT 2 receptors were expressed. Taken together, these data confirm that the carbohydrate LSTc is the attachment receptor for JCPyV and that the type 2 serotonin receptors contribute to JCPyV infection by facilitating entry.
J C polyomavirus (JCPyV) is the etiological agent of progressive multifocal leukoencephalopathy (PML), a fatal, neurodegenerative disease. JCPyV is a common human virus for which 50 to 60% healthy adults are seropositive (1) (2) (3) . JCPyV is shed in urine and can be detected in untreated wastewater, which suggests that the urogenital system is involved in persistence and transmission and that JCPyV is transmitted by a fecal-oral route (4) (5) (6) (7) (8) (9) (10) (11) . JC polyomavirus has also been detected in B lymphocytes, bone marrow, and in other reticuloendothelial tissues, such as lung, lymph node, and tonsil (12) (13) (14) . On the basis of these findings, it has been proposed that JCPyV establishes a life-long persistent infection in the kidney, bone marrow, lymphoid organs, and possibly on rare occasions in the central nervous system (CNS) (14) (15) (16) (17) (18) (19) . During immunosuppression, the virus can traffic from sites of persistence to the CNS and infect astrocytes and oligodendrocytes. JCPyV causes cytolytic destruction of the myelin-producing oligodendrocytes and ultimately leads to PML (20) (21) (22) . PML is most common in individuals with HIV or AIDS where the incidence of PML is 3 to 5% (23) . Recently, PML has been reported in patients undergoing immunomodulatory therapies to treat immune-related diseases such as multiple sclerosis (MS), Crohn's disease, systemic lupus erythematosus, and rheumatoid arthritis, increasing the importance of understanding this rapidly fatal disease (24) (25) (26) . Natalizumab, used to treat relapsing-remitting MS and Crohn's disease, is one of the therapies that increases the risk of PML. Natalizumab is a monoclonal antibody (MAb) directed against the very late antigen 4 (VLA-4) that directs migration and infiltration of immune cells into inflamed tissues (27) . The risk of developing PML when taking natalizumab varies depending on a number of factors, including prior exposure to immunosuppressive therapies, JCPyV seropositivity, and duration of treatment (28) . The risk can reach 1:100, if the duration of the treatment exceeds 25 months in individuals with a record of prior immunosuppressive therapies and JCPyV-seropositive status (available for prescribing physicians at https://medinfo.biogenidec.com). PML cases have also been reported in association with two other MAbs, efalizumab, in use for psoriasis, and rituximab, in use mainly for lymphoproliferative diseases (29) . There are no specific treatments for PML other than to restore immune function. However, immune restoration is associated with an immune reconstitution inflammatory syndrome (IRIS) that can be equally devastating (30) . Most deaths in individuals taking natalizumab occur during IRIS (31, 32) .
The receptor motif for JCPyV attachment to host cells is the ␣2,6-linked glycan, lactoseries tetrasaccharide c (LSTc) (33) . LSTc was crystallized in complex with JCPyV capsid protein VP1, and the specific VP1 residues that interact with LSTc were identified through structural and functional studies (33) . JCPyV has also been shown to require the 5-hydroxytryptamine (5-HT) receptor 5-HT 2A R to infect cells (34) . Blocking antibodies directed against 5-HT 2A R inhibited JCPyV infection of glial cells, and transfection of 5-HT 2A R in a nonpermissive cell line conferred susceptibility to JCPyV infection (34) . However, the mechanism by which 5-HT 2A R contributes to JCPyV infection is not fully understood. Mutational analysis of the glycosylation sites on the N terminus of 5-HT 2A R revealed that LSTc is not linked to the receptor (35) . Conversely, it has been reported that JCPyV infection can occur in the absence of 5-HT 2A R in human brain microvascular endothelial cells (36) . Moreover, pretreatment of glial cells with the specific 5-HT 2 receptor inhibitors ritanserin, ketanserin, mianserin, and mirtazapine significantly reduce JCPyV infection (34, (37) (38) (39) (40) (41) . In the clinical setting, mirtazapine has been administered to indi-viduals diagnosed with PML, either alone or in combination with other drugs, and in several cases, it has been shown to delay the progression of this fatal disease when given at the onset of PML symptoms (42) (43) (44) (45) . In contrast, other reports have shown no effect on degeneration (44, 46) . Thus, the roles of the 5-HT receptors in JCPyV infection remained unclear. We sought to clarify the roles of these receptors especially given the availability of FDAapproved serotonin receptor agonists and antagonists that could possibly be utilized in treatment of PML.
There are 15 human 5-HT receptors that can be grouped into 7 families based on sequence similarity, 5-HT 1 R through 5-HT 7 R, and each family is divided into additional subtypes indicated by a letter (e.g., 5-HT 1A R or 5-HT 2B R) (47, 48) . Most of the 5-HT receptors are G-protein-coupled receptors (GPCRs), with the exception of 5-HT 3A R, which is an ion channel receptor (47, 49) . We investigated the role of each of the 5-HT receptors in JCPyV infection to determine the receptor specificity and to define the mechanism by which the 5-HT receptors increase infection. We found that overexpression of the 5-HT 2 receptors either transiently or in stable cell lines increased infection of cells by JCPyV but not by simian virus 40 (SV40). The expression of 5-HT 2 receptors did not increase the binding of JCPyV to cells that uniformly expressed the attachment receptor, LSTc. Consistent with earlier work, we found that the LSTc pentasaccharide competitively inhibited infection of 5-HT 2 receptor-expressing cells by JCPyV. A trypan blue (TB) quenching assay showed that the presence of 5-HT 2 receptors facilitated JCPyV infectious entry into a pathway that was sensitive to inhibitors known to block infection of glial cells.
MATERIALS AND METHODS
Cells, viruses, and plasmids. HEK293A cells (ATCC) were grown in Dulbecco's minimal essential medium (DMEM) (Mediatech, Inc.) supplemented with 10% fetal calf serum (FCS) (Atlanta Biologicals) and either penicillin-streptomycin (Mediatech, Inc.) or Geneticin G418 (Teknova). Generation of the virus strains Mad-1/SVE⌬, Mad-1/SV196 was described previously (50, 51) . JCPyV lysate was purified as previously described with the addition of two steps of lipid extraction using Vertrel XF cleaning agent (DuPont). JCPyV was labeled with Alexa Fluor 633 and 405 (Invitrogen), and holotransferrin (Sigma-Aldrich) was also labeled with Alexa Fluor 405 (Invitrogen) according to the manufacturers' instructions. Simian virus 40 (SV40) strain 776 was propagated in the African green monkey kidney cell line CV-1 as previously described (34) . The cDNAs for human 5-HT 1A R, 5-HT 1B R, 5-HT 1D R, 5-HT 1E R, 5-HT 1F R, 5-HT 2A R, 5-HT 2B R, 5-HT 2C R, 5-HT 3 R, 5-HT 4 R, 5-HT 5 R, 5-HT 6 R, 5-HT 7A R, and 5-HT 7B R in pcDNA3.1 were purchased from the Missouri S&T cDNA Resource Center (www.cdna.org). -The generation of the 5-HT 2A R-YFP (YFP stands for yellow fusion protein) fusion construct was previously described (35) . To generate the 5-HT 2B R-YFP and 5-HT 2C R-YFP fusion constructs, the cDNA for both human 5-HT 2B R and 5-HT 2C R in pcDNA3.1 was PCR amplified with a 5= primer containing an XhoI site followed by the Kozak sequence and the first 16 ). The PCR products were cloned into the pCRII vector using the TA Cloning kit (dual promoter) (Invitrogen), digested with XhoI and BamHI and ligated into the pEYFP-N1 (EYFP stands for enhanced YFP) vector (Clontech) to fuse YFP to the C terminus of the receptor. The directionality of cloning was confirmed by sequencing using primers designed to recognize YFP (5=¡3=): TGGCACCAAAATCAACGGG and CTTCAGG GTCAGCTTGCC. Sequencing reactions were performed by Genewiz and analyzed using MacVector.
Transient transfection of HEK293A cells. HEK293A cells were plated on 1.5-mm-thick, 18-mm-diameter glass coverslips (Electron Microscopy Sciences) in 12-well plates (Fisher Scientific) in DMEM with 10% FCS overnight without antibiotics. Cells at 85% confluence were transfected using Lipofectamine 2000 (Invitrogen) with 0.4 g of DNA per well of human 5-HT 1A R, 5-HT 1B R, 5-HT 1D R, 5-HT 1E R, 5-HT 1F R, 5-HT 2A R, 5-HT 2B R, 5-HT 2C R, 5-HT 3 R, 5-HT 4 R, 5-HT 5 R, 5-HT 6 R, 5-HT 7A R, or 5-HT 7B R in pcDNA3.1 or pcDNA3.1 control vector. The cells were incubated at 37°C for 4 h, and then the medium was replaced with DMEM containing 10% FCS and penicillin-streptomycin and incubated at 37°C for 20 h.
Stable transfection of HEK293A cells. HEK293A cells plated in a sixwell plate to 80% confluence were stably transfected using Fugene HD transfection reagent (Promega) with 1 g of 5-HT 2A R, 5-HT 2B R, and 5-HT 2C R-YFP fusion or YFP according to the manufacturers' instructions. The cells were incubated at 37°C for 48 h in DMEM containing 10% FCS. The medium was then replaced with DMEM containing 10% FCS and 600 g of Geneticin G418 to select only for cells transfected with the YFP constructs containing the Geneticin resistance cassette. The medium was replaced every 3 days for 1 week. The cells were then expanded in a 25-cm 2 flask under selective pressure for 1 week. Cells were sorted using a FACS Aria (BD Bioscience) for a 100% transfected population of cells, and cells were maintained under selective medium.
Confocal imaging of JCPyV entry. Confocal imaging experiments were performed using an LSM-710 laser scanning confocal microscope with a 63ϫ objective with the pinhole set to 1 Airy unit (Carl Zeiss). Cells were plated on Fluorodishes (World Precision Instrument, Inc.) to 80% confluence. HEK293A cells that were stably transfected with 5-HT 2 R-YFP were chilled at 4°C for 30 min. Alexa Fluor 405-labeled JCPyV virus was added to cells for 1 h at 4°C to allow virus binding and while preventing endocytosis. Cells were washed with 1ϫ phosphate-buffered saline (PBS) and then either fixed for 30 min in 4% paraformaldehyde (PFA) at time zero, or they were shifted to 37°C for 2 h to allow the virus to enter cells. After 2 h, cells were fixed as described above and then stored in PBS. Viral entry was analyzed using a trypan blue (TB) quenching assay as previously described (52) . Briefly, Z stacks were recorded in a visual field including at least 7 cells per sample. Trypan blue was added at a dilution of 1:50, and another Z stack of the same field was recorded. Images were processed and merged to show actual quenching with Image J. Fluorescence intensity was measured with Image J, and data were expressed as percentages of protected fluorescence. The same experiment was performed using transferrin labeled with Alexa Fluor 405 (transferrin-405) incubated with the cells at 37°C for 1 h. Images and data were processed as described above.
Indirect immunofluorescence assay of JCPyV infection. Cells were infected with JCPyV at a multiplicity of infection (MOI) of 4 focus-forming units (FFU)/cell in incomplete DMEM at 37°C for 1 h, DMEM containing 10% FCS and G418 was added, and cells were incubated at 37°C. At 48 h postinfection, cells were washed with 1ϫ PBS and fixed in ice-cold methanol (MeOH) at Ϫ20°C for at least 30 min. The cells were washed with 1ϫ PBS, permeabilized with 1% Triton X-100 at room temperature (RT) for 5 min, and then blocked with 10% goat serum (MP Biomedicals) in PBS at RT for 40 min. JCPyV infection was assessed using an antibody specific for JCPyV large T antigen (TAg) (PAB962). The PAB962 hybridoma produces a monoclonal antibody (MAb) for JCPyV large T antigen that does not cross-react with simian virus 40 (SV40) large T antigen and was provided by S. S. Tevethia's laboratory (Penn State University). The cells were stained with undiluted PAB962 at 37°C for 1 h, washed with 1ϫ PBS, then incubated with a goat anti-mouse Alexa Fluor 594 antibody (1:500) in PBS (Invitrogen), and washed with 1ϫ PBS. Coverslips were mounted on slides using Vectashield with 4=,6=-diamidino-2-phenylindole (DAPI) (Vector Laboratories). Cells were analyzed by epifluorescence microscopy (Nikon E800), and infected cells were quantitated based on nuclear large T antigen expression at a magnification of ϫ20 or ϫ40, or cells were analyzed by epifluorescence microscopy (Zeiss Axio Vert) with a 20ϫ objective, and images were captured using a CoolSNAP HQ 2 camera (Photometrics) and Metamorph (Molecular Devices) imaging software. Images were visualized using Image J and counted with an Image J cell counter plug-in.
Treatment of cells with chlorpromazine. Treatment with chlorpromazine (CPZ) was performed as described previously (53) . Briefly, cells at 70% confluence were pretreated with chlorpromazine (Enzo Life Sciences) at 30 M concentration for 1 h in complete medium at 37°C. The cells were then infected in the presence of the drug with JCPyV at an MOI of 4 for 2.3 h in incomplete DMEM at 37°C. The cells were washed with 1ϫ PBS and warmed DMEM with anti-JCPyV serum at 1:1,000 dilution, and 10% FCS and G418 were added. The cells were stained for TAg after 48 h as described above.
Flow cytometry. Cells were washed with 1ϫ PBS and removed from plates using a cell stripper (Cellgro). The cells were pelleted, washed, and incubated in 100 l of 1ϫ PBS with 2.5 g of JCPyV labeled with Alexa Fluor 633 (JCPyV-633) for 2 h on ice with occasional agitation. The cells were pelleted and washed with 1ϫ PBS twice, then fixed in 1% paraformaldehyde (PFA), and analyzed for virus binding using a BD FACS-Calibur (BD Bioscience). Compensation controls were set up for both Alexa Fluor 633 and 514 fluorophores. Data were analyzed using FlowJo software (Tree Star, Inc.). Biotinylated Polyporus squamosus lectin (PSL) (EY Laboratories) was incubated with cells for 1 h on ice with occasional agitation. The cells were pelleted and washed twice with 1ϫ PBS and incubated with streptavidin labeled with Alexa Fluor 633 (streptavidin-633) on ice for 1 h. Samples were washed, fixed, and analyzed for binding as described above.
LSTc inhibition assay. JCPyV at an MOI of 4 was pretreated with 5 mM LSTb or LSTc (V Labs, Inc.) (diluted in sterile distilled H 2 O [diH 2 O]) in 25 l of incomplete medium on ice for 1 h. HEK293A cells stably transfected with 5-HT 2 R-YFP were plated to 80% confluence in 96-well plates and prechilled at 4°C for 30 min. JCPyV-LST complexes were added to cells and incubated at 4°C for 1 h. The cells were washed with 1ϫ PBS and medium containing 10% FCS and 500 g G418 was added, and cells were incubated at 37°C for 48 h. The cells were fixed and stained by indirect immunofluorescence as described above.
RESULTS

5-HT 2A R, 5-HT 2B R, and 5-HT 2C R expression in HEK293A cells significantly increases susceptibility to JCPyV infection.
Previous studies from our laboratory have shown that 5-HT 2A R is required for JCPyV infection (34) . Therefore, we sought to determine whether other isoforms of serotonin receptor could also support JCPyV infection. Poorly permissive HEK293A cells were transiently transfected with 14 different isoforms of 5-HT receptors in a pcDNA3.1 vector. After transfection, expression levels of cells transfected with each isoform were evaluated by real-time PCR and found to be similar (data not shown). The cells were then infected with JCPyV, and infection was scored by indirect immunofluorescence for nuclear JCPyV large T antigen (TAg) (Fig. 1A) . All members of the 5-HT 2 family of serotonin receptors significantly increased the susceptibility of HEK293A cells to JCPyV infection, while the other 5-HT receptor (5-HTR) isoforms did not. We then established HEK293A cells stably expressing 5-HT 2A R-YFP, 5-HT 2B R-YFP, 5-HT 2C R-YFP, and YFP alone to further analyze the roles of the 5-HT 2 receptors in JCPyV infection (Fig. 1B) . The expression of these receptors increased susceptibility to JCPyV but not the related polyomavirus SV40 infection, suggest-ing that the 5-HT 2 receptors are specific facilitators of JCPyV infection (Fig. 1C) . As previously shown, the fusion of the YFP tag to the C terminus did not affect viral infection (35) .
Expression of 5-HT 2 receptors in HEK293A cells does not affect cell surface ␣-2,6-linked sialic acid expression. JCPyV attachment to host cells requires engagement of the ␣2,6-linked glycan LSTc (33) . To determine whether these cells expressed LSTc, we used a lectin specific for the Neu5Ac␣2-6Gal␤ found on LSTc (Polyporus squamosus lectin [PSL]). Cells expressing the 5-HT 2 receptor were incubated with biotinylated PSL, and binding was detected using streptavidin labeled with Alexa Fluor 633 (streptavidin-633) by flow cytometry ( Fig. 2A and B) . PSL binding was equivalent in all cell types compared to the control. whether the overexpression of the 5-HT 2 receptors had an effect on JCPyV attachment. Purified viral particles were labeled with Alexa Fluor 633, and cells expressing 5-HT 2A R-YFP, 5-HT 2B R-YFP, and 5-HT 2C R-YFP were incubated with the virus for 2 h, and binding was assessed by flow cytometry (Fig. 3A and B ). JCPyV bound equally to 5-HT 2 receptor-expressing cells compared to YFP-expressing cells, suggesting that expression of 5-HT 2 receptors at the cell surface does not enhance viral attachment.
Pretreatment of JCPyV with LSTc pentasaccharide significantly inhibits infection.
To further define which receptors are necessary for JCPyV attachment and infection, we tested whether the inhibition of LSTc binding motifs on the surface of the JCPyV capsid would still allow JCPyV to infect cells expressing the 5-HT 2 receptor. To test this, we preincubated JCPyV with 5 mM LSTc pentasaccharide and then infected 5-HT 2 R-expressing cells (33) . For a control, we incubated JCPyV with LSTb, as it was previously shown that it is not a functional receptor motif for the virus (33) (Fig. 4) . Preincubation of the virus with LSTc, but not with LSTb, significantly inhibited JCPyV infection of 5-HT 2 receptor-expressing cells. Our results suggest that the virus must bind to LSTc to infect host cells, and the presence of 5-HT 2 receptors is likely not sufficient to initiate the JCPyV life cycle.
5-HT 2 receptors direct JCPyV entry.
Our data suggest that the expression of 5-HT 2 receptors does not increase expression of LSTc at the cell surface or enhance JCPyV binding. Furthermore, inhibition of LSTc binding sites on the VP1 capsid protein blocked the ability of JCPyV to infect 5-HT 2 R-expressing cells. These findings suggest that JCPyV does not interact with 5-HT 2 receptors at the cell surface. To determine whether 5-HT 2 receptors enhance the ability of JCPyV to enter cells, we performed confocal microscopy using a trypan blue (TB) quenching assay to analyze virus entry (52) . Trypan blue is a nonpermeable dye and quenches fluorescence quickly following addition to cells. Given the impermeable nature of TB, internalized fluorescent proteins are not B (Fig. 5A) . Confocal imaging revealed that at 0 h postinfection, viral particles bound equivalently to the plasma membranes of the cells expressing 5-HT 2 R-YFP and control cells expressing YFP, and the particles were quenched by TB. However, at 2 h postinfection, there is an increased amount of viral particles internalized into 5-HT 2 R-expressing cells compared to the control cells expressing YFP, and JCPyV-405 is protected from quenching (Fig. 5A ). Fluorescence intensity pre-and postquenching was measured using Image J software, and results are expressed as percentage of protected fluorescence (Fig. 5B) . These data suggest that the presence of the 5-HT 2 receptors facilitates more-efficient internalization of the virus, indicating that 5-HT 2 receptors direct JCPyV entry. To further confirm that the increase in JCPyV entry in cells stably transfected with 5-HT 2 R is not due to nonspecific internalization of ligands, we performed a trypan blue quenching experiment using Alexa Fluor 405-labeled transferrin. Cells were incubated with transferrin-405 at 37°C for 1 h, fixed, and analyzed for transferrin internalization by TB quenching (Fig. 5C ). Transferrin entry in cells expressing the 5-HT 2 receptor was equivalent to that of the control cells. Taken together, these results suggest that serotonin 2 receptors facilitate entry of JCPyV in a specific manner.
Treatment of cells expressing the 5-HT 2 receptor with chlorpromazine significantly inhibits JCPyV infection. To confirm that JCPyV enters HEK293A cells expressing the 5-HT 2 receptor in a manner similar to human glial cells, we used chlorpromazine (CPZ), a drug known to inhibit JCPyV entry into human glial cells (53, 54) . Cells were pretreated with 30 M CPZ for 1 h prior to infection and then infected in the presence of CPZ (Fig. 6 ). Treat-ment of 5-HT 2 R-expressing cells with CPZ significantly inhibited JCPyV infection.
DISCUSSION
In the present study, we found that the 5-HT 2 receptors 5-HT 2A R, 5-HT 2B R, and 5-HT 2C R increase susceptibility to JCPyV but not to SV40 infection (Fig. 1) . We generated cells stably expressing 5-HT 2 R as an in vitro model system to further explore their role in JCPyV infection. The overexpression of the 5-HT 2 receptors does not affect the expression of ␣-2,6-linked sialic acid at the cell surface and does not affect virus attachment (Fig. 2 and 3) . JCPyV infection is dependent on engagement of the functional receptor motif LSTc, and the presence of 5-HT 2 receptors is not sufficient to initiate an infectious cycle (Fig. 4) . These data indicate that 5-HT 2 receptors function as facilitators of JCPyV entry into a pathway that is chlorpromazine sensitive (Fig. 5 and 6) .
The functional receptor motif LSTc can be found on glycoproteins and on glycolipids (55) . Mutation of the five glycosylation sites on the N terminus of the 5-HT 2A R does not affect JCPyV infection, suggesting that the ␣-2,6-linked sialic acid is likely expressed on an alternate receptor (35) . 5-HT 2B R has only one glycosylation site in the N terminus, and mutation of the asparagine residue does not affect JCPyV infection (unpublished data). These findings lend further support to the idea that JCPyV may not directly interact with the 5-HT 2 receptors at the plasma membrane. We hypothesize that JCPyV binding to LSTc causes clustering of viral particles at the plasma membrane and also of 5-HT 2 receptors in adjacent regions, and this activates a specific signaling cascade leading to receptor and viral internalization. The molecule on which LSTc is located might be crucial to signal 5-HT 2 receptor clustering and activation, yet this remains to be determined. Previously published data showed that JCPyV and 5-HT 2A receptor colocalize both at 5 and 30 min postinfection, suggesting an early involvement of these receptors in the entry process (34) . However, we cannot completely exclude the possibility that a transient interaction might also take place on the cell surface. SV40 polyomavirus is known to bind to GM1 at the plasma membrane and to use integrins to direct entry (56) . Interestingly, it has recently been shown that SV40 interacts transiently with the TAM (Tyro3, Axl, and Mer) receptor Axl immediately after adsorption (57) . It has been speculated that this process is crucial to initiate signaling events that promote SV40 entry and infection (57) . Similarly, JCPyV may recognize LSTc, and it may transiently interact with 5-HT 2 R early in the entry process. This event could potentially lead to clustering, signal activation, and subsequent entry.
Interestingly, there are many other examples of viruses that use different mechanisms for attachment and entry, including mammalian reovirus and human papillomavirus type 16 (HPV16) (54, 58, 59) . Mammalian reovirus directly interacts with cell surface carbohydrate receptors and junctional adhesion molecule A (JAM-A) to direct attachment, and ␤1-integrins direct viral entry but do not function in viral attachment (54, 60) . HPV16 uses different cellular factors to mediate attachment and entry (61) . Among others, HPV16 L1 capsid protein binds to the heparan sulfate proteoglycans (HSPGs) at the plasma membrane, subsequently, cyclophilin B (CyPB) mediates conformational changes to the capsid which then employs ␣6/␤4 integrin to direct entry (62, 63) . JCPyV may also require additional cellular factors to complete the mechanism of viral entry into cells to start an infectious cycle. 5-HT 2A R, 5-HT 2B R, and 5-HT 2C R are G-protein-coupled receptors, and when recognized by a specific ligand, they are internalized in clathrin-coated vesicles and then recycled to the plasma membrane (64, 65) . It is reasonable to speculate that this mechanism of internalization can be exploited nonspecifically by JCPyV, which is known to enter cells by clathrin-dependent endocytosis (53, 66) . However, in the present study, we show that JCPyV uses 5-HT 2 receptors specifically, since the internalization of transferrin, a process known to be directed by clathrin, is not enhanced in cells overexpressing the receptors (Fig. 5B) . In support of this, antibodies specific for the D2 dopamine receptor, a G-proteincoupled receptor that functions in clathrin-dependent internalization, have no effect on JCPyV infection of glial cells (34, 67, 68) .
The distribution of 5-HT 2 receptors in human tissues is con- (36) , suggesting that JCPyV infection of HBMECs may require additional or unique receptors. However, it is possible that primary human brain microvascular endothelial cells have different levels of 5-HT 2 receptors based on individualized host factors such as 5-HT levels or use of serotonin-selective reuptake inhibitors (SSRIs). Further, these cells were not tested for the expression of the 5-HT 2B and 5-HT 2C receptors (36) . Given that all members of the 5-HT 2 receptor family can support JCPyV infection, it is possible that the 5-HT receptors serve a redundant role in JCPyV infection, or they may functionally cooperate to facilitate JCPyV entry. In fact, HEK293A cells express a very low level of these receptors (data not shown) and have been previously used as model to study 5-HT 2A R by exogenous overexpression (35, 64) . PML is a severely debilitating disease, and if left untreated, it is rapidly fatal. In addition, there is no antiviral drug targeting JCPyV which makes PML and PML-IRIS devastating (30) . Therefore, it is crucial to investigate pharmacological approaches to prevent PML or to treat JCPyV infection. The present study provides new insights on three different serotonin receptors which are potential drug targets. In fact, several 5-HT 2 receptor inhibitors, both selective and nonselective, are approved for use by the FDA and commonly used to treat neurological disorders (70, 71) . To our knowledge, only mirtazapine has been administered in patients with PML, often with positive outcomes in delaying the progression of the disease (42) (43) (44) (45) 72) , but in other cases, no effect was observed (44, 46) . The use of mirtazapine is most successful if administered early at the onset of PML symptoms (44) . In the present study, we found that 5-HT 2 receptors act early in the viral life cycle, facilitating viral entry. Our data are consistent with more-positive outcomes in early administration of mirtazapine in individuals with PML. However, clinical studies are needed to assess the efficacy of mirtazapine in PML patients. Understanding exactly how JCPyV enters and starts an infectious cycle is crucial in order to develop pharmacological agents to prevent or treat PML. The present study provides new insights into the roles of 5-HT 2 receptors in JCPyV infection and serves as a platform for the development of future treatments for PML. mononuclear 
